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Abstract

Due to rare earth doping, phosphates and vanadates are the leading materials for the synthesis of phosphors due to their
thermal stability, low sintering temperature, and chemical stability. Phosphors in the nanoscale state are of particular
interest. The simple, fast, and scalable synthesis of nanophosphors with high chemical homogeneity is a priority task. The
purpose of this work was to synthesize powders of mixed yttrium vanadate-phosphate crystals of various compositions by
coprecipitation under the action of microwave radiation and spray pyrolysis, as well as to compare the characteristics of
the obtained samples.

Samples of YV P, O, of different compositions were synthesized by coprecipitation under the action of microwave radiation
and spray pyrolysis in different modes. In the case of the synthesis of yttrium vanadate-phosphate YV P, O, by spray
pyrolysis followed by annealing, according to the X-ray phase analysis data, single-phase nanopowders were formed. The
morphological characteristics of the samples were revealed by the methods of transmission electron microscopy and
scanning electron microscopy. Depending on the annealing conditions, the samples were either faceted or spherical particles
less than 100 nm in size. The composition of the YV P, O,, samples synthesized by the coprecipitation method under the
action of microwave radiation strongly depended on the pH of the precursor solution. The minimum content of impurity
phases was reached at pH 9.

Spray pyrolysis allows the synthesis of yttrium vanadate phosphate YV P, O, nanopowders of high chemical homogeneity
with a particle size of less than 100 nm. The maximum chemical homogeneity of yttrium vanadate-phosphate powders was
achieved at pH = 9 during the synthesis of YV P, O, by coprecipitation under the action of microwave radiation. However,
the particle size dispersion was large, within the range of 2-60 pm.
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1. Introduction

The areas for the application of luminescent
materials are diverse: lighting devices, biological
markings, plasma panels, and biomedicine [1-4].
Phosphors in the nanoscale state are of particular
interest. Phosphates and vanadates are the leading
materials for the synthesis of phosphors due to
rare earth doping due to their thermal stability,
low sintering temperature, chemical stability, and
environmental friendliness [5]. Systems of mixed
crystals of vanadate-phosphates demonstrate
better luminescent properties in comparison with
the corresponding vanadates and phosphates [6].
Thus, the quantum yields of europium-doped
vanadate phosphate nanoparticles reach 20%,
and such mixed crystals can potentially be a red
emitting phosphor for PDP [7-9].

Nanophosphors can be synthesized by sol-
gel, hydrothermal, and microemulsion methods
[10-15]. The use of microwave heating leads to
a significant increase in the reaction rate and
makes it possible to reduce the synthesis time
from several hours or days to several minutes
while increasing the purity of the target product
[16—-18]. The synthesis of nanopowders by aerosol
pyrolysis has a number of advantages: high
productivity, high purity of the final product,
the ability to control morphology and low
energy consumption. Aerosol spray pyrolysis
(CSP) is in great demand due to its simplicity
and low cost [19]. Pyrolytic synthesis products
find applications in areas such as catalysis,
chromatography, the manufacture of pigments
and photoluminescent materials.

The aim of this work was to synthesize
mixed crystals of yttrium vanadate phosphate
by coprecipitation methods under the action of
microwave radiation and spray pyrolysis.

2. Experimental

Vanadium (V) V, 0, oxide (AR grade TU 6-09-
4093-88), sodium phosphate Na,PO, (AR grade,
National product classification code 26 2112 1152
00 GOST 9337-79), yttrium nitrate Y (NO,), (AR
grade, CAS 13494-98-9), sodium hydroxide NaOH
(AR grade, GOST 432877) served as precursors. For
the synthesis of sodium metavanadate, vanadium
(V) oxide and sodium hydroxide were mixed
in an equivalent ratio, after dissolving them in
distilled water. Equivalent amounts of sodium
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orthophosphate and yttrium nitrate were added
to the resulting solution, exposed to microwave
radiation (P___source —800 W, operating frequency
- 2450 MHz) three times within 5 min at 800 W.
The pH of the solution was maintained in the
range from 7 to 9. The synthesized powder was
subjected to ultrasonic dispersion (ultrasonic bath
VU-09- “Ya-FP” -0) for 10—15 min. After filtration,
the powder was dried for two days, ground in a
mortar, and annealed in a muffle furnace (SNOL
8.2/1100) at 800 °C for 1-2 h.

For the synthesis of yttrium vanadate
phosphate by the spray pyrolysis method,
vanadium (V) oxide V,0, was mixed in an
equivalent amount with NaOH to obtain sodium
metavanadate (NaVO,). Then, with vigorous
stirring, a stoichiometric amount of yttrium
nitrate crystalline hydrates Y(NO,),, sodium
phosphate Na,PO, and concentrated nitric
acid HNO, (GOST 4461-77) were added for the
prevention of the hydrolysis of the solution in
the dispersant. The synthesis of nanoparticles
was carried out in a spray pyrolysis unit (Fig. 1).

The solution was filled in portions into a
disperser, which was connected through branch
pipes to a compressor and a quartz tube reactor.
The dispersant sprayed the solution in the form
of an aerosol into the reactor of the MTP-2M
furnace, heated to a temperature of 600 °C. The
temperature was controlled by an OVEN TRM1-
Shch1.U.R thermostat with an error of + 1 °C. In
the furnace, under the influence of temperature,
the aerosol pyrolytically decomposed with the
formation of yttrium vanadate phosphate. The
nanopowder was collected into a glass with
distilled water, then filtered, dried in air, and
thermally annealed in a muffle furnace (SNOL
8.2/1100) for recrystallization and complete
dehydration at 800 °C for 1-2 hours.

The phase composition of the synthesized
powders was determined by X-ray diffraction
analysis (XPD) using an ARL X’TRA diffractometer
(CuK , with A = 1.540562 A) in continuous mode.
The size of the coherent scattering regions (CSR)
according to the X-ray diffraction analysis (XPD)
data for the samples of yttrium vanadate phosphate
was calculated using the Scherrer formula [20]:

kx\

D, =—"
hkl
B X cOsO
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Fig. 1. Installation diagram for the spray pyrolysis: I — compressor, 2 — dispersant, 3 — pipes, 4 — rubber stopper,
5 - reactor (quartz tube), 6 - MTP-2M furnace, 7 — thermocouple, 8 — temperature controller, 9 — glass tube
with a 90° rotation, 10 — a glass with distilled water for collecting the nanopowder

Where D,,, — average particle size, A k-
correction factor (for cubic and orthorhombic
structure k = 0.9), A - X-ray tube wavelength, 0 -
the position of the peak maximum, deg., B, -
intrinsic physical broadening of the diffraction
maximum, rad.

The quantitative elemental composition
of the synthesized samples was determined
by the electron probe X-Ray microanalysis
method (EPXMA, scanning electron microscope
JEOL-6510LV with a Bruker energy dispersive
microanalysis system). The particle size and
morphology of the synthesized powders
were determined according to transmission
electron microscopy (TEM, CarlZeiss Libra-120
transmission electron microscope).

3. Results and discussion

According to the study [6], the stability and
high-temperature luminescence properties
of doped yttrium vanadates can be improved
by a partial replacement of VO; -anions with
isostructural anions of PO}~. The presence of
phosphate anions stabilizes the oxidation state of
vanadium +5, which contributes to an increase in
the luminescence yield. The doping of the anionic
component of yttrium vanadate with smaller
anions was accompanied by a decrease in the
crystallite size under the same reaction conditions.
It seems promising to carry out the synthesis of
mixed crystals of yttrium vanadate-phosphate by
doping yttrium phosphate with vanadate anions.

498

The first series of samples of yttrium vanadate
phosphates of compositions YV, P O, and
YV,,.P,..0, synthesized under the action of
microwave radiation followed by ultrasonic
dispersion, mainly contained the YPO, phase.
However, reflections of vanadium oxides VO, and
yttrium Y,0, were revealed on diffractograms
of YV, P O, (Fig. 2). Changing the pH of the
solution from 7 to 9 decreased the content of
impurities in the synthesized powders of yttrium
vanadate phosphate (Fig. 3). For YV ,.P ..O,
samples synthesized at pH 8, vanadium VO,
and yttrium Y,0, oxides were detected as the
main impurity phases (Fig. 2). The reflections
of these oxides were not differentiated in the
diffractogram with an increase in the pH of the
precursor solution from 8 to 9 (Fig. 3).

As aresult of the synthesis of yttrium vanadate
phosphate of the compositions YV, P ,O, and
YV, ,.P,,0,byspray pyrolysis without subsequent
annealing, samples, containing a mixture of
phases: yttrium oxide Y,0,, vanadium oxides VO,,
V,0,, and sodium vanadates were formed. The
high background suggests a rather high degree
of amorphism of the samples. The diffraction
patternof YV P ,0,sample synthesized by spray
pyrolysis and annealed in a muffle furnace at
800 °C for 1 h (Fig. 4a) contained reflections of
only yttrium phosphate. The small width of the
reflections suggests a high degree of crystallinity
of the sample. An increase in the annealing

time up to 2 h (Fig.4b) was accompanied by an
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Fig. 2. X-ray diffractograms of the samples, microwave synthesis:a) YV P ,O, (pH=7);b) YV, P, .0, (pH=8)
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Fig. 3. X-ray diffractograms of YV P ,0, samples, microwave synthesis, pH=9:a) YV P ,0,;b) YV ,P . O,
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Fig. 4. X-ray diffractograms of YV P ,O, samples annealed: fora) 1 hand b) 2 h
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increase in the intensity of reflections of YPO,.
The absence of vanadium-containing compounds
in the diffractograms indicated the incorporation
of vanadium in the form of vanadate ions into the
crystal lattice of yttrium phosphate. The average
CSRof particlesof the YV P, 0, sample annealed
for 1 hwas 50 = 2 nm (Table 1). Annealing for 2 h
led to an increase in CSR up to 932 nm.

On the energy dispersive spectrum of
the YV ,.P, .0, sample synthesized by the
coprecipitation method under the influence of
microwave radiation at pH 7, only Y, P, and O
signals were recorded (Fig. 5a). Apparently, the
incorporation of V** ions into the YPO, lattice

2 4 6 a
Monxan weana 22156 uan. Kypcop: 0.000

The synthesis of nanophosphors YP V, O, by spray pyrolysis and microwave methods

did not occur in a neutral solution, which was
also confirmed by the XRD data regarding
the presence of various vanadium oxides as
impurities in these samples. An increase in the pH
of the precursor solution to 8 allowed recording
the vanadium signals in the energy dispersive
spectrum (Fig. 5b). However, their intensity was
low, the actual composition of the sample with
respect to vanadium deviated by almost an order
of magnitude from the nominal composition
(Table. 2). Obviously, only partial incorporation
of the introduced V** ions into the YPO, lattice
occurred, the majority of vanadium ions were
present in the form of impurity oxides. Only an

Cnekrp 5
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Fig. 5 Energy dispersion spectrum of samples: a) YV

0.25P0.75

0, (pH = 7); b) YV, ,.P, .0, (pH = )

0.25P0.75

Table 1. The radius of coherent scattering region of YV P, 0, samples with different annealing times
Sample D, D, D, D,
YV, P,,0,sample (t, =1h) 271 | 41#2 | 54#3 | 41%2
YV, P, ,0,sample (t,_ =2h) 99+2 73%2 106£2 | 932
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Table 2. Data on the elemental composition of vanadate phosphates (pH = 7, pH = 8, pH = 9)

NomerI?L;Eer{)EZSltlon YV0.1P0.9O4’ pH = 7 YV0.25P0.7504’ pH = 8 YVO.ZSPO‘7SO4’ pH = 9
Y (nominal), at% 16.6 16.6 16.6
Y (real), at% 11.94 12.2 16.18
V (nominal), atm. % 1.6 4.16 4.16
V (real), at% 0.1 0.24 5.97
P (nominal), atm. % 15 12.5 12.5
P (real), at% 13.74 13.78 11.42
O (nominal), at% 66.6 66.6 66.6
O (real), at% 74.22 73.77 64.31

Real Composition of Samp]es YV0.008P1.1506.21 YVO.02P1.1506.17 YV0.36P0.6803.97

increase in pH to 9 allowed synthesizing samples,
the real composition of which was close to the
nominal (Table 2).

Morphologically, samples of yttrium vanadate
phosphate synthesized by coprecipitation under
the action of microwave radiation at pH = 8 were
represented by large formations with an arbitrary
shape up to 60 ym and smaller amorphised
particles from 2 to 10 um (Fig. 6).

According to TEM data (Fig. 7), YV ,P,,0,
synthesized by spray pyrolysis and annealed
at 800 °C for 1 h were faceted, had a size in
the range of 25-100 nm, and weakly expressed
agglomeration was observed (Fig. 7a). An increase

80mMKm O3nexTpoxHoe u3obpaxenne 1
Fig. 6. SEM image of YV, P ..O, powder synthesized
by co-deposition under the action of microwave radi-
ation (pH = 8)
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Fig. 7. TEM image of YV, P_ O, sample in a gelatin layer: a) annealing at 800 °C, 1 h; b) annealing at 800 °C,
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2 h; c) histogram of the particle size distribution of YV 0, sample
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in the annealing time to 2 h promoted the
formation of larger spherical particles (Fig. 7b).

4. Conclusions

It was established that the spray pyrolysis
method with subsequent annealing allowed
synthesizing nanopowders of yttrium vanadate
phosphate of high chemical homogeneity with a
size in the range of 20—100 nm with a low degree
of agglomeration. The change of the annealing
mode allowed controlling the size and shape of
the particles.

The synthesis of YV P, O, by the coprecipi-
tation method under the action of microwave
radiation due to the high sensitivity to pH of
the precursor solution was accompanied by the
presence of impurity phases in the samples. The
maximum chemical homogeneity of yttrium
vanadate phosphate powders was achieved at
pH =9. The particle size dispersion was large and
was in the range of 2-80 pym.
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